Abstract: Forest management alters forest site; however, information is still limited about how different silvicultural treatments modify abiotic conditions. We compared the effects of four treatments from three different forestry systems on forest microclimate, litter, and soil conditions. The clear-cutting, retention tree group, preparation cutting, and gap-cutting treatments were experimentally established in a European oak-dominated forest, following a complete block design with six replicates. In this study, we show the results of the quantitative analyses of 21 variables, one year after the interventions. Strong treatment effects were observed for the microclimate and litter variables, whereas the soil characteristics remained similar. The increase in light was the highest in the clear-cuts with intermediate effects in the gap-cuts. The means and variances of the air and soil temperature as well as the vapor pressure deficit were the highest for the clear-cutting treatment. An increase in soil moisture, litter pH, and litter moisture was significant in the gap-cuts and, to a smaller extent, in the clear-cuts. The soil pH increased in the retention tree groups. Microclimatic differences between the treatments were the largest during the summer, which demonstrates the buffering effect of the canopy. Our study confirms that less intensive and more spatially heterogeneous silvicultural treatments (e.g., gap-cutting) preserve a stable below-canopy microclimate more effectively. These results can support and might be useful for both forest management and conservation planning.
Introduction
Forest management induces substantial alterations in environmental conditions that fundamentally influence the ecosystem's structure and functions [1, 2] . These strongly impact the long-term survival, regeneration, and diversity of forest-dwelling organism groups [3, 4] . Silvicultural treatments can directly generate changes in forest biodiversity by deteriorating communities associated with individual trees and tree-related microhabitats, such as epiphytes [5] , deadwood-dependent communities [6] , and cavity nesters [7] . Most of the forest-dependent taxa are via artificial gaps or group selection, therefore, gap-cutting was also part of our study. Our open-field, multi-taxa experiment was established in 2014 [47] . As a target habitat type, sessile oak (Quercus petraea Matt. [Liebl.]) and hornbeam (Carpinus betulus L.) forests were chosen, which represent a deciduous woodland habitat type widespread in the Pannon Ecoregion [48] and generally in Central Europe [49] . This is one of the focal indigenous forest types for timber harvesting in this region, because of the high-quality timber of sessile oak [50] . Here, we focus on the effects of the experimental treatments on site conditions during the first post-harvest period. Our objectives are to quantify the differences induced by the applied management treatments (clear-cutting, gap-cutting, preparation cutting, and retention tree group) (1) on the mean and variability of microclimate, soil, and litter variables during the growing season; (2) on the temporal pattern of site condition variables through a growing season; and (3) on the diurnal patterns of selected microclimate variables.
We hypothesized that the microclimate responds to the treatments immediately, whereas changes in the litter and soil variables were expected to be delayed. Clear-cutting affects the forest site most strongly. For the majority of our variables, we supposed that the retention tree group mitigates the harsh environmental conditions generated by clear-cutting. We presumed that gap-cutting and preparation cutting cause intermediate changes in the forest site conditions. We also presumed that differences from the control are more expressed in the summer, at the peak of the growing season, when the canopy closure of the control is the highest. This will also be discernible in the form of larger disjunctions in the diurnal cycles of the microclimate.
Materials and Methods

Study Area
The study was conducted in the Pilis Mountains, north-eastern ridge of the Transdanubian Range, Hungary (47 • 40 N, 18 • 54 E; Figure 1a ). Plots are situated on a horst ridge (370-470 m above sea level) on moderate (7.0-10.6 • ), north-facing slopes. The average annual mean temperature is 9.0-9.5 • C (16.0-17.0 • C during the growing season), with a mean annual precipitation of 650 mm [51] .
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Materials and Methods
Study Area
The study was conducted in the Pilis Mountains, north-eastern ridge of the Transdanubian Range, Hungary (47°40′ N, 18°54′ E; Figure 1a ). Plots are situated on a horst ridge (370-470 m above sea level) on moderate (7.0-10.6°), north-facing slopes. The average annual mean temperature is 9.0-9.5 °C (16.0-17.0 °C during the growing season), with a mean annual precipitation of 650 mm [51] . The bedrock consists of Dachsteinian limestone and Lattorfian sandstone with loess [51] . According to the soil profiles established in the study site, the soil depth varies along a slight topographic gradient (Supplementary Materials 1), deep (250 cm) at the lower elevations and shallow The bedrock consists of Dachsteinian limestone and Lattorfian sandstone with loess [51] . According to the soil profiles established in the study site, the soil depth varies along a slight topographic gradient (Supplementary Materials 1), deep (250 cm) at the lower elevations and shallow (70 cm) nearer the ridge. In the lower elevation parts of the site, the soil type is brown forest soil with clay illuviation (Luvisol), while in the upper parts it is Rendzic Leptosol [52] . The soils are slightly acidic (pH of the 0-20 cm layer is 4.6 ± 0.2). The physical and chemical characteristics of the upper 50 cm of soil are similar in the whole area, independent of soil depth (Supplementary Materials 1) . The variety of soil types did not cause a discernible variability in the woody vegetation (Table 1) . Table 1 . Characteristics of forest structure around the plots, before and after treatments. Structural attributes (mean ± standard deviation) presented here are the diameter at breast height ([DBH], cm), canopy height (m), basal area (m 2 ha −1 ), and canopy closure (%). U-upper layer; S-sub-canopy layer; C-control; CC-clear-cutting; G-gap-cutting; P-preparation cutting; R-retention tree group. The mean and standard deviation were calculated based on the six replicates for each treatment type. The study site was established in an approximately 40 ha sized homogeneous unit, in a managed, two-layered sessile oak-hornbeam forest stand (Natura 2000 code: 91G0 [53] ). The stand is even-aged (80 years old) and has a relatively uniform structure (Table 1) and species composition, because of the applied shelterwood silvicultural system. The upper canopy layer (average height 21 m, mean diameter at breast height (DBH) 27.6 cm) is dominated by sessile oak, while the second most abundant tree species, hornbeam, forms a subcanopy layer with an average height of 11 m and a mean DBH of 11.6 cm (Table 1 and Figure S2 .2). Other woody species are rare, and individuals of Fraxinus ornus L., Fagus sylvatica L., Quercus cerris L., and Cerasus avium L. were recorded in the tree layer as admixing tree species. Before the experimental treatments, the mean basal area (BA) of the upper layer was 29.4 (±4.3) m 2 ha −1 and 8.8 (±2.6) m 2 ha −1 in the case of the secondary canopy layer, respectively ( Table 1 ). The canopy closure was rather homogenous, varying between 81% and 94%. The shrub layer was scarce and mainly consisted of the regeneration of hornbeam and Fraxinus ornus L. with a lower cover of shrub species (e.g., Crataegus monogyna Jacq., Cornus mas L., Ligustrum vulgare L., and Euonymus verrucosus Scop.). The understory layer was formed by general and mesic forest species. Dominant species were Carex pilosa Scop., Melica uniflora Retz., Cardamine bulbifera L., Galium odoratum (L.) Scop., and Galium schultesii Vest. Before the treatments (in 2014), the herb layer cover was approximately 40%.
Study Design
Five treatment types ( Figure S2 .1) were implemented in a randomized complete block design in six replicates (hereafter blocks, Figure 1b ,c, and Table 1): 1.
Control (C): The original stand characteristics remained unaltered.
2.
Clear-cutting (CC): Approximately 0.5 ha sized circular clear-cuts were formed, surrounded by a closed-canopy stand. The area of the treatment was designated as the area surrounded by the trunks of the peripheral dominant forest trees, the applied diameter was 80 m. Within the clear-cuts, every tree individual (DBH ≥5 cm and/or height ≥2 m) was cut.
3.
Gap-cutting (G): Circular artificial gaps were established in the closed stand by the elimination of all of the tree individuals within a diameter of 20 m (~0.03 ha). Gap size was defined as expanded gaps [54] (i.e., by measuring the base of surrounding canopy trees). The chosen 1:1 gap diameter/intact canopy height ratio is widely used in Central Europe for transition system applying gap-cutting, and it also fits well with the records of gap area in oak forests [55, 56] . 4.
Preparation cutting (P): Uniform partial cutting was applied within a circle with a diameter of 80 m, and 30% of the initial total basal area of the upper canopy layer was cut in a spatially even arrangement. Furthermore, the complete subcanopy-and shrub-layer were also removed.
5.
Retention tree group (R): All of the tree and shrub individuals were retained within a 0.03 ha sized circular plot (diameter = 20 m) in the clear-cuts, which resulted a small patch of the remained stand with approximately 8-12 trees of the former upper layer.
In accordance with the operative forestry law, individual clear-cuts in the submontane regions of Hungary are less than 5 ha [57] . The created clear-cuts are substantially smaller than it is typical in Hungary or in the temperate deciduous forests in Europe (3-10 ha). Therefore, changes in the site conditions resulting from this treatment may be less pronounced. In our experiment, neither the plots representing clear-cutting, nor the retention tree groups were placed in the center of the clear-cuts (Figure S2 .2). These plots were shifted to the 1:3 intersections along the east-west axis, because we intended to minimize the bias caused by the shading of the remained trees of retention tree groups in the clear-cutting plots.
All of the treatments were carried out in the winter of 2014-2015. In the center of the treatments, a 6 m × 6 m fenced area (hereafter plot) was established to exclude the effects of the large-bodied game species.
Data Collection
Microclimate variables (total photosynthetic active radiation, air temperature, relative humidity, soil temperature, and soil moisture) were recorded every month of the growing season (March-October) of 2015 (directly after the implementation of the treatments). The litter and soil variables (litter mass, litter pH, litter moisture content, soil pH, hygroscopicity, and nutrient content) were measured in April and October of 2015.
Systematic microclimate measurements were taken in the center of each plot. Temporally synchronized data collection was carried out using 4-channeled Onset 'HOBO H021-002 data loggers (Onset Computer Corporation, Bourne, MA, USA) mounted on wooden poles ( Figure S2.3) . Every month of the growing season (March-October), 72 h logging periods were applied with 10 min logging intervals. Photosynthetically active radiation (PAR, λ = 400-700 nm; µE m −2 s −1 ) was measured at 150 cm above ground level, using Onset 'S-LIA-M003 quantum sensors (Onset Computer Corporation, Bourne, MA, USA). Air temperature (T air ; • C) and relative humidity (RH, %) data were collected 130 cm above ground level with Onset 'S-THB-M002 (Onset Computer Corporation, Bourne, MA, USA) combined T/RH sensors (Onset Computer Corporation, Bourne, MA, USA) housed in standard radiation shields to avoid direct sunlight. The soil temperature (T soil ; • C) was measured with 'S-TMB-M002 12-Bit temperature sensors (Onset Computer Corporation, Bourne, MA, USA) by Onset placed 2 cm below ground. Soil water content (SWC; m 3 /m 3 ) data were collected using Onset 'S-SMD-M005 soil moisture sensors (Onset Computer Corporation, Bourne, MA, USA) buried 20 cm below ground level to measure the average soil moisture at 10-20 cm soil depth. Air temperature and relative humidity data were used to calculate vapor pressure deficit (VPD; kPa) values at every logged occasion, following the protocol of Allen et al. [58] , VPD = (0.6108){exp[17.27· T air /(237.3 + T air )]}·(1 − RH/100). The reason for using VPD as a dependent variable is that it can give a direct indication of the atmospheric moisture conditions independently of the actual temperature. Therefore, it is a good standalone indicator of the atmospheric factors influencing evaporation; VPD describes the actual drying capacity of air (i.e., the higher the VPD is, the more intensive is the evaporation) [59] . Additionally, the relative diffuse light (DIFN; %) was measured using an LAI-2000 Plant Canopy Analyzer (LI-COR Inc., Lincoln, NE, USA) in the center of each plot at 130 cm above ground level. The measurements were carried out in August at dusk to avoid direct light affecting the sensor. Repeated measurements are not needed with this device [60] . A 270 • view restrictor masked the portion of the sky containing the sun and the operator [61] . Reference above-canopy measuring was performed on an adjacent open field.
At each plot, four litter (30 cm × 30 cm area) and topsoil (0-20 cm depth) samples were systematically collected. All of the samples were returned to the laboratory and following the necessary preparation steps, and the litter mass, litter pH, litter moisture content, Kuron's hygroscopicity (hy), soil organic matter content, and nutrient content were measured. The litter mass was measured after the samples were air-dried to a constant mass. The litter moisture content (%) was calculated as the mass loss of the freshly collected litter samples (i.e., the difference between the fresh and dried litter).
The litter and soil pH were potentiometrically measured using the supernatant suspension of air-dried and sieved (<2 mm) samples and 25 mL of distilled water, and the applied mass was 5 g for litter and 10 g for soil samples, respectively [62] . Kuron's method was applied for gauging the hygrscopicity (hy) of air-dried soils [63] , with a 50% (v/v) H 2 SO 4 solution and 35.2% RH, according to [62] . The chemical compounds were evaluated on the composite samples of the 1:1 mixture of the four sieved (<0.5 mm) subsamples per plot. The total soil carbon and nitrogen content were determined by dry combustion method using the Elementar vario MAX CNS-analyzer (Elementar Analysesysteme, Langenselbold, Germany), applying the International Organization for Standards (ISO) standards [64, 65] , as follows: the soil samples were weighed between 80 and 100 g, and a tungsten oxide catalyst was added. The applied combustion temperature was 1140 • C. Plant available phosphorus and potassium were determined by the ammonium lactate (AL) solution method (0.1 M NH 4 − lactate + 0.4 M HOAc, adjusted to pH 3.75), developed by Egnér et al. (1960, cf. [66] ), according to the operative Hungarian standards [67] . The concentration of AL-soluble phosphorus (P AL ) was measured colorimetrically, the concentration of AL-soluble potassium (K AL ) was quantified by flame photometry.
All of the studied variables were also recorded in 2014 (pre-treatment conditions), applying the same methodology. The pre-treatment conditions of the plots selected for the different treatment levels were similar in 2014 (Table S3 .1).
Data Analysis
The microclimate data were initially screened and the obvious errors caused by technical failures (indicated by, for example, unrealistic data or large spikes in variables) were replaced by missing values. The manually corrected data were imported into the database built in SpatiaLite 4.3.0a [68] . The observations were split into 24 h datasets. The differences from the values collected at the control were calculated for every recording (control values were subtracted from the treatment values of the block), and then the daily mean and interquartile range (IQR) of these difference values were computed. To measure the direct effects of the silvicultural treatments on the site condition variables, these relative data were used to avoid the effects of actual weather conditions and local differences between the blocks. For the analyses, one randomly chosen 24 h microclimate dataset was used every month. Daily IQR of the soil water content (SWC) was excluded from the analysis, because soil moisture is a rather stationary variable. For the relative humidity (RH) and vapor pressure deficit (VPD), as a result of numerous missing data, the subset of October was excluded.
The temporal patterns of the measured variables were investigated using two different temporal resolutions, according to the distinct methods for soil chemical variables and litter parameters, the seasons were compared (spring vs. autumn); while in the case of the microclimate variables, we used months as factor levels.
To explore the effect of the treatments and time on the measured site condition variables, linear mixed effects models (random intercept models) with a Gaussian error structure were used [69] . Where necessary, the data were transformed to achieve the normality of the model residuals. The effects of the different treatment levels across (1) the whole growing season and (2) over the applied temporal resolution (month or season) were tested by the same modeling framework, as follows: the treatment, time, and their interaction were used as fixed factors, while the block was specified as a random factor. The models' goodness-of-fit values were measured by a likelihood-ratio test-based coefficient of determination (R 2 LR ; [70] ). The differences between the treatment levels were evaluated using the Tukey procedure (alpha = 0.05) for all of the pairwise comparisons. Multiple comparisons were applied to analyze the differences among the treatments throughout the growing season, based on the group means ('glht' function of 'multcomp' package; [71] ), within the time levels on the least-squares means ('lsmeans' function of 'lsmeans' package; [72] ). The significance of the differences between the control and the other treatment levels was tested using linear mixed effects models, without intercept [73] .
The diurnal patterns of the selected microclimate variables were shown using the original values (raw data). These were analyzed qualitatively, without any statistical test, applying the standard locally weighted scatterplot smoothing (LOWESS) analyses with 95% confidence intervals. The datasets were pooled into two groups, the peak of the growing season (i.e., June, July, and August) and the transitional period (March, April, September, and October) with lower canopy closure. Smoothing procedures were applied on 24 h datasets with six replicates for each treatment level.
The data analyses were performed using R version 3.4.1 [74] . inear mixed effects models were conducted by R package 'nlme' [75] , and multiple comparisons were appraised using the 'multcomp' [71] and 'lsmeans' [72] packages. The determination coefficients of the models were calculated using the 'rsquaredLR' function of the 'MuMIn' package [70] . For graphing, the modified script of the 'errorbars' function was used [76] .
Results
The Effects of Experimental Treatments on Site Condition Variables
According to the performed linear mixed effects models (see Supplementary Materials 4 for details), we found that the experimental treatments affected microclimate and litter variables more, while the soil chemical characteristics did not differ significantly among treatment types-except for topsoil acidity (Table 2 and Figure 2 ). 
Temporal Differences among Treatments through the Growing Season
Besides the study of the treatment effects, the temporal differences during a growing season were also analyzed ( Table 2) . Except for the light and soil moisture variables, the effect of time was similar or stronger than that of treatments. For the litter mass and potassium content, only the effect of time was significant. The largest differences in the microclimate variables were detectable in summer ( Figure 3) . dPAR was the highest in the clear-cuts in almost every month, but the differences were the highest in fullleaved months-from May to August (Figure 3a) . The dVPD values were highly divergent among G-gap-cutting; P-preparation cutting; R-retention tree group. Full circles show the mean and vertical lines denote the standard deviation of the samples. Letters designate the significant differences among the treatments (all of the pairwise multiple comparisons based on the linear mixed effects models; Tukey-test, alpha = 0.05), while asterisks denote significant differences from the values measured at the control plots (linear mixed effects models without intercept, p < 0.05). The horizontal blue line shows the level of the control.
The mean (Figure 2a ) and the IQR (Figure 2b ) of photosynthetic active radiation (dPAR), as well as the mean of relative diffuse light (dDIFN, Figure 2c) were substantially higher in all of the treatments than in the controls. The largest values were detected in the clear-cuts, and the increment was also considerable in the gap-cuts. The light conditions were similar in the preparation cuts and the retention tree groups, but the dDIFN was lower in the retention tree groups. The mean and interquartile range of the air temperature (dT air ) departed significantly from the control in all of the treatments (Figure 2d,e) . In the retention tree groups and clear-cuts, the mean of the dT air was significantly higher than in the other two treatments (Figure 2d ). The dT air was buffered the most in the preparation cuts, but the mean of dT air was not different from that in the gap-cuts. Both the mean and the standard deviation of the IQR were the highest in the clear-cuts (Figure 2e ). The lowest IQR was measured in the gap-cuts, while in the other treatments, the IQR was intermediate. The mean of relative humidity (dRH) was the lowest in the clear-cuts and in the retention tree groups (Figure 2f ). In the preparation cuts and gap-cuts, the humidity remained similar to the control; furthermore, these treatments did not differ from each other. It is noticeable that the IQR of the dRH was the lowest in the gap-cuts and the highest in the clear-cuts, however, in all of the treatments, the IQRs of the dRH were departed from the control (Figure 2g) . The mean and IQR of the vapor pressure deficit (dVPD) showed the same pattern as dT air , because of the high contribution of temperature to this variable, and all of the treatments also differed significantly from the control (Figures 2h and 2i, respectively) . The mean and IQR of the soil temperature (dT soil ) differed significantly in every treatment from the control (Figures 2j and  2k, respectively) . The clear-cutting created soil thermal conditions that divaricated the most from those in the closed stand; both the mean and IQR of the dT soil were the highest there. In the retention tree groups, the mean of the dT soil did not differ significantly from that of the clear-cuts, but the IQR was significantly lower there. The coolest soil environment with the lowest IQR was detected in the gap-cuts. The soil moisture (dSWC) differed significantly in the clear-cuts and even more in the gap-cuts from that in the controls (Figure 2l ). The highest dSWC was measured in the gap-cuts, the increase was smaller in the clear-cuts, while a slight decrease was detected in the preparation cuts and in the retention tree groups, and the latter was the driest treatment.
The litter variables showed a strong response to the treatments (Table 2 ). In the first year, there was no significant response in the litter mass, however, it showed an increasing trend from the clear-cutting to the retention tree group (Figure 2m ). In the clear-cuts and in the gap-cuts, the litter pH departed significantly from that in the controls, and the litter were more neutral in these two treatments than in the preparation cuts and in the retention tree groups (Figure 2n ). The litter moisture followed the sequence of dSWC. The forest floor was the driest in the retention tree group, but it was not significantly different from that in the controls, and the litter moisture was significantly higher in the other three treatments-the highest values were measured in the gap-cuts (Figure 2o ). Among the soil variables, only the soil pH showed a significant treatment effect, the topsoil was less acidic in the preparation cuts than in the other treatments and it was the only treatment level where the soil pH differed from the control (Table 2, Figure 2p ).
Besides the study of the treatment effects, the temporal differences during a growing season were also analyzed (Table 2) . Except for the light and soil moisture variables, the effect of time was similar or stronger than that of treatments. For the litter mass and potassium content, only the effect of time was significant. The largest differences in the microclimate variables were detectable in summer (Figure 3) . dPAR was the highest in the clear-cuts in almost every month, but the differences were the highest in full-leaved months-from May to August (Figure 3a) . The dVPD values were highly divergent among the treatment levels during summer, the drying capacity of air was significantly higher in the clear-cuts and in the retention tree groups, while the dVPD did not depart substantially from the control in the case of the two other treatment types (Figure 3b) . dT soil was the largest in the clear-cuts with the highest variance during the summer (Figure 3c) ; the differences between the treatment levels accelerated as the canopy closure increased, but gap-cutting and preparation cutting created similar conditions to the control during the whole growing season. The retention tree group could partly buffer the dT soil . As the first frosts appeared (in October), the dT soil differed significantly from the other treatments in the clear-cuts (i.e., the soil was the coldest there). The dSWC increment in the gap-cuts was detectable through the whole measurement period, and it increased during summer (Figure 3d ). It was also relatively high in the clear-cuts, but the difference was less pronounced than that in the gap-cuts. A moderate soil desiccation was detected in the retention tree groups from June to September. The litter mass decreased from spring to autumn in the treatments, except for the retention tree group (Figure 4a) . The litter pH increased in the gap-cuts and in the clear-cuts in autumn, while in the preparation cuts and in the retention tree groups, it stayed close to the values that had been measured in the uncut controls (Figure 4b ). The litter moisture content increased marginally in the preparation cuts and more markedly in the clear-cuts, as well as in the gap-cuts, as compared to the degree of humidity measured in spring (Figure 4c ). We found that the effect of time was significant for pH and K AL -concentration ( Table 2 ). The soil pH was lower in spring than in autumn, and in both periods, it was higher in the retention tree groups than in the other treatments (Figure 4d) . 
Diurnal Pattern of Microclimate Variables among the Treatments
When we analyzed the 24-h datasets, a clear diurnal pattern could be detected for the different microclimate variables with large variability between the treatments in summer ( Figure 5 ). Contrarily, when the pooled early spring and autumn subsets were analyzed, differences were much smaller and the pattern was not as obvious. 
When we analyzed the 24-h datasets, a clear diurnal pattern could be detected for the different microclimate variables with large variability between the treatments in summer ( Figure 5 ). Contrarily, when the pooled early spring and autumn subsets were analyzed, differences were much smaller and the pattern was not as obvious.
The PAR differed considerably between the treatments in summer. It frequently exceeded 2000 µE m −2 s −1 in the clear-cuts, while in the second brightest plots, in the gap-cuts, the maximum values were under 1930 µE m −2 s −1 . There was a detectable lag of the maximum values as follows: in the clear-cuts, it appeared at 12:00-12:20 Coordinated Universal Time (UTC); at around 12:30-12:40 UTC in the gap-cuts; and at 13:10-13:20 UTC in the preparation cuts. In the retention tree groups, the maximum values occurred between 9:00 and 10:30 UTC. This was followed by a decrease in radiation because of the shading effect of the canopy patch. The pattern of irradiance among the treatments was also detectable in the case of VPD and T soil , for instance, in the morning, the retention tree group was the warmest and driest treatment. In the clear-cuts, it sometimes reached 38.8 • C in summer, but even in the retention tree groups, its maximum was 31.3 • C. In the gap-cuts, the moist soil (dSWC) was the highest (Figure 2l ), resulting in a distinct peak in VPD, which was followed by a quick decrease; and the T soil was lower, despite the high PAR. The clear-cuts cooled down the most in the summer, between 2:00 and 7:30 am, and especially in the transitional period. In the transition period, the amplitudes of the diurnal cycles were substantially smaller. Furthermore, the microclimate within the applied treatments did not differ as much as during the peak of the growing season as it did during the other seasons. The PAR differed considerably between the treatments in summer. It frequently exceeded 2000 μE m −2 s −1 in the clear-cuts, while in the second brightest plots, in the gap-cuts, the maximum values were under 1930 μE m −2 s −1 . There was a detectable lag of the maximum values as follows: in the clear-cuts, it appeared at 12:00-12:20 Coordinated Universal Time (UTC); at around 12:30-12:40 UTC in the gap-cuts; and at 13:10-13:20 UTC in the preparation cuts. In the retention tree groups, the maximum values occurred between 9:00 and 10:30 UTC. This was followed by a decrease in radiation because of the shading effect of the canopy patch. The pattern of irradiance among the treatments was also detectable in the case of VPD and Tsoil, for instance, in the morning, the retention tree group was the warmest and driest treatment. In the clear-cuts, it sometimes reached 38.8 °C in summer, but even in the retention tree groups, its maximum was 31.3 °C. In the gap-cuts, the moist soil (dSWC) was the highest (Figure 2l ), resulting in a distinct peak in VPD, which was followed by a quick decrease; and the Tsoil was lower, despite the high PAR. The clear-cuts cooled down the most in the 
Discussion
Rapid Changes in Microclimate and Litter Variables, but Not in Soil Properties
In general, and in accordance with our expectations, the microclimate variables showed strong short-term deviations among the different silvicultural treatments. Interestingly, the litter characteristics also changed in the first growing season. As presumed, we could not demonstrate significant changes for most of the investigated soil variables (physical or chemical). Two different, but highly interrelated processes can be highlighted in the context of microclimate alteration by forest management, radiation balance and evapotranspiration. The forest canopy plays an important role in both of the mechanisms. The maintenance of the buffered microclimate in the below-canopy space of the closed forest stands is based on the shielding effect, namely, through the (partial) shading and the absorption of the foliage, there is significantly less net radiation to heat the forest floor. Moreover, the canopy insulates the understory environment by reducing the longwave radiative loss [19, 26, 43] . Furthermore, as demonstrated by Bristow and Campbell [77] , there is a strong correlation between solar irradiance and transferred heat-related variables of the ambient air, such as air temperature, relative humidity, and vapor pressure deficit. This may explain why, in the harvested sites, we measured a generally higher and temporally more variable irradiance, temperature, and vapor pressure deficit, and a lower, but also more unbalanced air humidity. The changes in the soil moisture following the different treatments are based (1) on the lower rate of interception and evaporation through the canopies or trunks and, consequently, the increased throughfall; and (2) on the lower transpiration rates due to tree removal [32, 78, 79] . The major effect of these alterations is that the soil water content typically increases in sites where felling was applied on to larger continuous extent (i.e., in gap-cuts and clear-cuts).
Light Variables
As the applied treatments mainly modified the canopy closure of the stand, the (1) total and diffuse light departed from the control in every treatment because of the harvest-induced canopy modifications, and (2) the light variables had the strongest response to the treatments. Our findings are congruent with previous research, showing that the increment in irradiance and its variability highly correlate with the increase of canopy openings and the leaf area index [19, 22, 33, 35] . Therefore, solar radiation is higher and temporally more variable in the clear-cuts than that in the forest edges [80] , in the stands harvested by various types of green tree retention schemes [36] or in the management practices related to the uneven-aged systems [8] .
The canopy gaps also create a more illuminated environment [81] [82] [83] , although the irradiance was significantly lower than that detected in the clear-cuts, because of the smaller sky view factor [35] and consequently, the shading of the surrounding trees [41] . The preparation cuttings and retention tree groups did not show clear differences in the light level and its variance. These treatments engender a similarly brighter environment than the uncut sites [36, 84, 85] .
The spatial arrangement of the trees influenced the direct-diffuse light proportions. In the preparation cuts, the uniform distribution of the trees strongly inhibited the direct irradiation, but less notably the diffuse light. Therefore, interestingly, the amount of the diffuse light is similar to that in the gap-cuts, but the amount of total irradiance is significantly lower [83, 86] . The retention tree group-in the first year-was very open to the adjacent clear-cutting and to the lateral irradiance because of the lack of lower branches and the sparse shrub layer. However, we can expect that the illumination in the retention tree groups will decrease and return to the level characteristic in the control, as the natural regeneration (shrubs, sprouts, and juvenile trees) grows and as the epicormic shoots emerge.
Air Variables
Forest management (especially clear-cutting) has a strong and long-lasting effect on air temperature and relative humidity [87, 88] ; silvicultural interventions could generate alterations in these variables that persist over 25 years. Contrary to previous studies reporting that the temperature and humidity in the stands harvested using moderately intensive management practices had only slightly modified microclimates compared to the uncut plots (e.g., thinning [42] , group selection [89] , and gaps [79] ), we found that almost every treatment type resulted significant departures from the control in these variables. However, our treatments resulted similar trends in the T air , RH, and VPD changes, as found in other studies (e.g., [36, 44, 81, 90] ).
Since the highest levels of incoming solar radiation were measurable in the clear-cuts, this treatment type can be characterized by the highest air temperature and vapor pressure deficit, as well as the lowest relative humidity values [20, 32, 36] . Our findings are in agreement with the results of Carlson and Groot [35] and von Arx et al. [21] , that the increment of T air concerning the whole growing season was less than 1 • C in the clear-cuts. The differences in the T air or RH between the clear-cuts and the closed stands were higher in many studies that investigated the impacts of larger clearings. In our experiment, because of the relatively small size (0.5 ha) of the clear-cuts, the shading effect of the forest edge, as well as the cooling effect by mixing air from the nearby stand, may have been be more pronounced [91] [92] [93] .
The mean T air and VPD in the gap-cuts were significantly lower than those in the clear-cuts or the retention tree groups, regardless of the high PAR values and the observed generally strong correlation between direct radiation and air temperature in the gaps [81] . This could be explained by the high soil moisture and evaporative cooling in the gap-cuts [26, 94] . The mean increment in temperature (~0.1 • C) was comparable with the studies of Carlson and Groot [35] , or Abd Latif and Blackburn [83] . The air humidity may have remained unaltered in the gaps because of the lower ratio of air mixing and the shading by the adjacent closed stands [19, 83] , and the moist topsoil as a source of water vapor [28] .
The thermal conditions of the preparation cutting (where 70% of the original BA was retained) were similar to the gap-cutting. The mean of VPD and RH in the preparation cuts remained similar to that in the controls, but the ranges of these variables departed because of the higher input of solar energy and the lack of subcanopy and shrub-layers [27, 42] .
We expected that the retention tree group in the clear-felled area would substantially buffer the thermal effects created by clear-cutting, as was measurably the case for the light variables. However, it was found that the retention tree groups did not compensate for the thermal loading and the drying capacity of the warmer air coming from the clearings, the mean of the T air and VPD were not significantly different from those of the clear-cutting. This phenomenon could be due to the edge effect (in the case of the T air , VPD, and RH), given the relatively small applied patch size [80, 92, 93, 95] . In contrast, the retention tree group successfully reduced the variability (IQR) and the extreme values of these variables by the insulation of the remained canopy patch, in spite of the effective lateral mixing [95, 96] .
Soil Temperature
Increased the incoming solar radiation caused a significant increment in the soil temperature (both in the case of the means and IQRs) in all of the treatments. Higher departures from the control levels were measured than in the case of the air temperature, because of the less pronounced moderating effect of the canopy [26] . According to the strong correlation between T air and T soil [97, 98] , the decreasing trends of these variables across the treatments were similar. Implicitly, because of the enhanced solar heating in daytime and the longwave radiation loss in nighttime, clear-cutting showed the greatest increase in the mean and variability of T soil [21, 35, 91] . The retention tree group may have moderated the extremes of T soil better than T air because of the shading provided by the remaining trees. These are similar to the results of Williams-Linera and colleagues, who investigated the impacts of isolated trees [99] , but in our case, we detected a more pronounced smoothing effect in the variability of T soil . Interestingly, the range of T soil in the retention tree groups was comparable with that measured in the preparation cuts and in the gap-cuts. In the gap-cuts and in the preparation cuts, we recorded a smaller increase in T soil than has been reported in previous studies [13, [81] [82] [83] .
Soil Moisture
The forest stands are characterized by high evapotranspiration rates; therefore, in general, any opening in the canopy results in a reduction of the amount of water that is utilized and intercepted [33, 78] . The impact of the elimination of the tree individuals is particularly significant on the moisture content of the upper layer of the forest soil [32, 81] . As expected, the clear-cutting and gap-cutting also induced a significant increase in the soil moisture levels when compared with the controls, because of the drastic decrease of the transpiring surface [19, 41, [81] [82] [83] . However, although the relative contribution of transpiration to evapotranspiration is higher than the proportion of soil evaporation [78] , the greatest increment was detectable in the gap-cuts. The smaller increase in the clear-cuts can be explained by enhanced irradiation, which accelerates the evaporation from the soil surface, and the drying effects of higher wind exposure [19] . This change in the water balance is usually rapid; initially, soil moisture increases after the applied treatments, but drops to pre-harvest levels within a short period of time, following the reestablishment of vegetation. This time-span is approximately four-five years in the thinned stands and clear-cuts [100, 101] . A similar, but even faster return to the pre-harvest level of SWC can be predicted for the gaps as well [102] , because of the development of the natural regeneration, the increased root extraction, and improved interception by the enhanced lateral growth of the surrounding trees [81, 82] . Here, we found that in the retention tree groups, despite the higher VPD, the enhanced heat load, and the transpiration of the remnant trees, the soil water content was only slightly lower than that in the uncut plots. The SWC in the preparation cuts also remained similar to the intact stands, although every third tree individual was cut. We suppose that the moderately higher throughfall and somewhat lowered evapotranspiration rate may not increase the water table as notably as has been suggested by previous thinning studies [100, 103] , although this result is comparable with the findings of Weng et al. [42] .
Litter Variables
Surprisingly, as also observed for the microclimate variables, the litter characteristics showed a rapid response to the management type. Although the amount of litter did not depart significantly from the controls and did not show significant treatment effects. We could observe differences between the treatment levels, retention tree groups were characterized by litter accumulation due to the continuity of the local tree litter input and lower soil moisture content, resulting in slower decomposition rates. An increase in pH following the gap-cutting and clear-cutting can be explained by the different quality of the litter and the understory vegetation. In these treatments, the herbaceous cover species considerably increased [104] , resulting a higher proportion of herb litter in the total litter mass. Herb-leaf decomposition provides more neutral litter conditions than the leaves of trees [105] . The higher litter moisture in the clear-cuts and gap-cuts may relate to the higher SWC and the high understory cover, which can enhance the humidity by insulating the surface [32] .
Soil Chemical Variables
Changes in the nutrient availability and cycling following forestry treatments are complex and their trajectories are governed by multiple factors; thus, studies show inconsistent results [10, 106, 107] . In general, the regional climate, soil type, and tree species composition are important determinants [32, 108] . Based on long-term data, biomass removal per se appears to have little or no effect on site fertility, and the effects are mostly transitory [107] . Nevertheless, nutrient loss following clear-cutting is typically reported [109] -especially in the case of available nitrogen [45] -while gaps are known to exhibit high rates of soil organic matter decomposition and mineralization, causing increased levels of nutrients [79] . It is also suggested that the nutrient losses can be reduced by applying the harvesting practices that only cause smaller scale disturbances, such as gap-cutting [98] or partial-cut harvesting [109] .
Based on our models, we can conclude that only the pH of the upper mineral soil showed an immediate treatment effect, while the other soil chemical variables remained similar to those of uncut sites. The treatment effect on the soil pH could be partly explained by the changes in soil moisture, only retention tree group differed both from the control and the other treatments, where the lowest SWC and litter moisture values were measured. The decomposition rate of the organic matter may have been slower because of the drier conditions, which result in a lower production of organic acids and humus compounds. Similarly to our findings, Lindo and Visser also found a decreased level of soil acidity in the retention patches of deciduous forest stands [109] . The strength of correlation between soil moisture and acidity is various (it is highly dependent, for example, on the soil type), but in general, pH and SWC are negatively correlated [110] . Furthermore, an increased litter input or litter accumulation is often associated with an increase of pH, especially in the topsoil. The higher amount of litter can result enhanced nutrient release, as well as the strengthening of the buffering capacity by exchangeable cations, coupled with an increased Mg 2+ and Ca 2+ input [9] .
Distinct Temporal Patterns over the First Growing Season
By investigating the temporal pattern of the microclimate variables throughout the growing season, we found that (1) the differences between the treatment levels increase according to the enhancement of the shading capacity (provided by the tree canopy); and (2) the evapotranspiration rates increased as the vegetation becomes fully-leaved. This was unambiguous in the case of total light; during the emergence and senescence phase, the light conditions were homogeneous among the applied treatments-except for the clear-cutting due to the lack of shading trunks and branches. Whereas, during the vegetation peak, a very pronounced treatment effect could be detected. The seasonal changes of the soil temperature followed the pattern of the incoming radiation, except in the case of gap-cutting. In the clear-cuts, the T soil was much lower in the end of the growing season than that in the other treatments, suggesting that regenerating the vegetation may experience a more pronounced frost-exposure in this forestry system [21, 33] . In general, the buffering capacity of the forests, concerning numerous microclimate variables (e.g., the diurnal variability of T air , RH, VPD, or T soil ) is related to the leaf area index and also to the soil water potential [22, 26, 111] . Gray and colleagues found similar annual pattern in the case of SWC means in the gaps vs. uncut control [81] .
Concerning the litter and soil variables, in the most cases, time had stronger effect than the treatment levels. From spring to autumn-because of the reduced litter inputs and the enhanced decomposition rates-the litter mass decreased in most of the treatments. The only exception was the retention tree group, where the warm and dry soil may have compromised the performance of decomposer organisms [109] . The role of microbial communities, fungi, and soil fauna could be corroborated by the results of Boros (unpublished data), who found that both the abundance and species richness of enchytraeid worms (an important decomposer group in the temperate zone [112] ) decreased significantly in the retention tree groups. The litter pH and litter moisture content followed a similar pattern to SWC, both of the variables showed a considerable increase in the gap-cuts and in the clear-cuts from spring to autumn. We can assume that this increment may be the result of the enhanced leaching of tannic acids, or the changed contribution of the different species to the litter.
The soil pH increased in autumn in all of the treatments, compared to that in the control. This could be explained by the cation input through the decomposition of the leaf litter through the growing season, as the allocation of exchangeable Ca 2+ , K + , and Mg 2+ to biomass pools increases the soil pH in the upper layers [9] . Although seasonal fluctuations (unrelated to the treatments) in the range of 0.5 unit may be part of the natural dynamics.
Diurnal Patterns across Treatments Differed More during the Vegetation Peak
Clear differences in the diurnal patterns were found between the treatments. These were more pronounced during the fully-leaved period than in the transitional period. Moreover, the amplitudes of the microclimate variables were also higher during the leaved period. The daily courses presented here were mainly determined by the solar azimuth. During the transitional period (spring and autumn), the maxima of the insolation were not influenced by canopy, thus it was synchronous in all of the treatments. However, in summer, the control was evenly shaded during the whole day, while the light increment peaked close to noon in the clear-cuts. In the gap-and preparation-cuts, some lags were observable because of the shading by the surrounding trees and the patchy environment, respectively. Interestingly, in the retention tree groups, a large proportion of the total daily insolation arrived before noon. This result confirms our hypothesis, that the main source of the total (and diffuse) light in the small forest remnants is lateral irradiance.
As suggested by previous studies [35, 113] , the maximum daily values of the heat-driven variables (such as VPD or T soil ) were later than that of PAR, because of the latent heat loss. However, von Arx et al. found that there is no significant time lag between the daytime peaks of below-canopy and open-field temperature and relative humidity. According to their interpretation, this quasi-synchronous pattern is due to the main drivers of these two variables, solar radiation and vertical air exchange [21] . By inspecting the VPD and T soil courses of the retention tree groups we can detect the effect of enhanced insolation during the forenoon. Regarding the temperature data, we can speculate that the increase demonstrated via the overall means is a consequence of the elongated thermal load. It is also noticeable that the VPD in the gap-cuts increases synchronously with that in the clear-cuts, but presumably because of enhanced evaporation of the moist soil surface and the transpiration of herbs, its value sinks to the level of the uncut control [26, 82] . As Aschroft and Gollan demonstrated [111] , moister conditions reduce the diurnal variability of soil and air temperature, and VPD more. This may be an additional explanation of the more stable microclimate in the gap-cuts.
Conclusions and Management Implications
The relatively short time-frame of our study limits the scope for interpreting our results, although our ongoing measurements and the experimental setup gives us the opportunity to study the long-term processes in the future. We expect that (1) differences in the microclimate variables between the treatments are going to weaken as the vegetation grows, and that variables will have different trajectories over time; (2) the response of litter properties will be more pronounced; and (3) soil variables will show treatment effects in at least the cutting treatments. It is still uncertain how the different silvicultural treatments create spatial pattern of abiotic variables. Therefore, our plan is to extend our investigations to study the forest site conditions at finer scales.
Using the results obtained during the first growing season, we demonstrated that the applied management practices considerably changed the below-canopy microclimate in a short time, following the harvests. Clear-cutting had the most drastic impact on microclimate variables because of the absence of tree canopies in large areas. According to the extreme light increment, the mean air and soil temperature, vapor pressure deficit, and their variability increased the most in this treatment type. The organisms in the clear-cuts are more exposed to thermal extremes and early frost damages as well. A limited, but positive moderating effect was observed in the retention tree group (despite its small size), although the mean air and soil temperature and VPD were similar to that in the clear-cuts. Gap-cutting provides more available light and consumable soil moisture, potentially benefitting the herbs. Artificial gaps of this size can maintain a buffered environment. Preparation cutting preserved the forest conditions the most, although in Central Europe, it is only a transitional state before the final cutting.
We can conclude that, in oak-hornbeam stands, for the achievement of conservational aims and to guarantee a higher ecosystem functionality, it is recommendable to apply small-scale or spatially dispersed forestry treatments to preserve the original characteristics of the forest environment as much as possible. Gap-cutting and, similarly to our preparation cutting, irregular shelterwood or precommercial thinning may be suitable to achieve this aim. If the use of the large, even-aged forestry practices is unavoidable, the application of different retention tree group schemes seems to be particularly important (such as in the clear-felled or slash and burn areas) to provide the 'lifeboat' environment for the forest-dwelling organism groups during the regeneration [96, 114] .
As multipurpose forestry systems become more prevalent across Europe, there is an increasing need for similar long-term experiments involving several management systems, as well as the study of a wide range of biotic and abiotic variables. The analysis of alterations in the forest site conditions could give useful information for not only researchers, but also for forestry and conservational practitioners. Table 2 ; Original data: Datasets that were used for the analyses were uploaded as a spreadsheet file including five sheets.
